Reply to Foster et al.: Using a forest to measure trees: Determining which vital rates are responding to climate change
In response to our paper (1) showing a recent increase in forestbiomass growth in an eastern United States forest, Foster et al. (2) emphasize the importance of considering biomass loss caused by mortality when inferring biomass rate changes and modeling uncertainty in these analyses. Although decreases in biomass loss caused by mortality could lead to an observed increase in biomass, we believe that growth and not mortality is the critical driver of this documented biomass rate. Fig. 1 shows that, although changes in both net primary productivity (NPP) and mortality could combine to create the observed mean increase in stand growth in ref. 1, mortality is an unlikely contributor for three primary reasons.
First, changes in rates of biomass accumulation were observed across all stand ages, regardless of species composition; the many mechanisms that drive tree mortality are unlikely to combine to create such a broad decrease. Mortality in forests is caused by many exogenous mechanisms, such as storms and pathogens (2), as well as endogenous mechanisms, such as competition for light and nutrients (thinning) and death of large trees (gap-phase dynamics) that change over succession. Growth, however, is a single mechanism common to all stands.
Second, mortality is a highly nonlinear process, and stand mortality loss is near an optimum (~0.98 survival rate). A decrease in mortality from 0.021 to 0.011 as posited by ref. 2 corresponds to a halving of the loss of biomass from forest stands. This would mark an extreme change in tree longevity and successional turnover. Furthermore, any decrease in mean mortality would lead to a decrease in variance around that mean, which is not represented in ref. 2. (3). Climate change is thought to increase variance of environmental conditions, which subsequently would increase mean mortality, leading to lower annual biomass accumulation (3) . The observed trends of increased CO2, mean annual temperatures, and growing season as documented in ref. 1, however, should lead to a systematic increase in NPP.
Third, uncertainty in NPP rates is easy to posit, because nutrient availability, species composition, stand age, etc. can all lead to changes in growth. Uncertainty in mortality, however, is difficult to quantify and is dependent on stochastic events that span broad spatial and temporal scales. Variance in mortality is best captured in the observed variance in rates (1) and not in positing a distributional form across stand ages. Fig. 2 shows how uncertainty in stand states does not greatly influence uncertainty in stand rates, which are insensitive to a wide range of parameter values. Growth is the likely mechanism driving recent biomass change in these forest stands, because it is the parsimonious explanation, has documented causes, and describes the full scope of the observed changes. Further work on these changes and any extrapolation of this pattern to other systems, however, certainly needs to take into account balances of mortality and growth, sources of uncertainty in each measurement, and effects of sampling from plots of various sizes over various time intervals. 
